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Abstract. The underground coal gasification is a continually evolving technology, which converts coal
to calorific gas. There are many important parameters in this technology, which are difficult to measure.
These parameters include the underground cavity growth, amount gasified coal, and the leakage of
input and output gaseous components into the surrounding layers during the coal gasification process.
Mathematical modeling of this process is one of the possible alternatives for determining these unknown
parameters. In this paper, the structure of the mathematical model of laboratory underground coal
gasification process from the material balance aspect is presented. The material balance consists of
mass components entering and leaving from the UCG process. The paper shows a material balance in
the form of a general mass balance and atomic species balance. The material balance was testing by
six UCG laboratory experiments, which were realized in two ex-situ reactors.
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1. Introduction
The underground coal gasification (UCG) is a con-
tinually evolving technology and seems to be a great
source of energy that can be obtained at a lower cost
than in the case of using conventional mining meth-
ods. This process offers a less costly alternative to
traditional coal mining methods, especially when the
coal seam is placed deep under the earth’s surface. A
system of two wells needs to be build. At least one
for the injection (i.e., for gasification agent input) and
at least one for the production (i.e., for product gas
output). The UCG is a process of transformation of
coal into the output gas (i.e., syngs). Methane, hydro-
gen, carbon monoxide, carbon dioxide, and hydrogen
sulfide are primary components of the produced gas.
The produced gas can have various uses, e.g., it may
serve as a fuel for a gas turbine for electricity genera-
tion, or it can be used as a chemical feedstock for a
conversion to synthetic fuels. The product gas com-
position depends on the coal geology and gasification
parameters. The diversity of the conditions, factors,
and structure of individual coal seams hampers the
transfer of the UCG process knowledge [1–3].
The UCG reactor can be divided into four zones
(i.e., the oxidation zone, reducing zone, and drying
and pyrolysis zone). The reactions take place in these
zones depending on the coal geology, the composition
of the gasification agent, and the coal seam tempera-
ture. The oxidation reactions increase the coal seam
temperature to above 900 ◦C. The reduction reactions
generate produced gas (i.e., synthetic gas - syngas)
in a temperature range from 550 to 900 ◦C. The coal
seam is initially dried and then pyrolyzed at tem-
peratures ranging from 200 to 550 ◦C. The product
gas is cleaned and stored after the extracting process
from the product well [4–6]. The scheme of the UCG
process is shown in Figure 1.
A decisive role throughout the UCG process is cor-
rectly identifying the geology of the area. Imperme-
able over/underlying strata that have low porosity
and less deformation are the most suitable. They act
as a seal between the surrounding rock layers and the
gasified coal seam [7]. The cavity growth in time and
space has a random nature due to the impact of the
surrounding rock and lack of information to control
the UCG process. Fracturing and cracks are created
inside the gasified coal seam and surrounding rocks
when the underground cavity grows. It was identified
that operational conditions (i.e., operation times, feed
gases, and flow rates on gasification) have significantly
affected the fracture occurrence, cavity growth, rack
behavior, and coal gasification efficiency [8]. An effec-
tive pressure control system and also a gas production
controlling (i.e., calorific value and volumetric produc-
tion rate) by the proper composition and volume of
the gasification agent are recommended to implement
in the UCG process [9].
Numerical models, as a tool for optimizing the tech-
nologies, are used to simulate the processes. The paper
[10] reviews the approaches, key concepts, assump-
tions, and limitations of models (e.g., the packed bed
model, the channel model, and the coal slab model)
for a prediction of a cavity growth and gas production
in the UCG process. The results of this study showed
that currently used computing 3D models are very
simple (i.e., the details of the physical and chemical
models are not considered), and developing the UCG
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Figure 1. The scheme of the UCG process.
model requires an understanding of physical theory
and correctly interpreting of the operating and labo-
ratory results. The paper [11] describes the analysis
of the temperature field in the gasified coal layers by
a model experiment in the laboratory gasifier and the
two-dimension nonlinear and dynamic mathematical
models. The temperature of the coal layer is consid-
ered steady in the thickness direction and unsteady
(i.e., in time) along the strike and slope of the coal
seam. The results showed that the relative error be-
tween the calculated value and the measured value
was below 15%, except for the measured points near
the flameworking face. The combustion mathematical
modeling and in situ gasification was described in [12].
Chemical reactions in multiphase porous media were
simulated in this work. The influence of the oxidant
injection position (i.e., bottom and top position) to
determine buoyant forces and product gas properties
by a dynamic model of an underground cavity par-
tially filled with an ash bed is described in [13]. This
dynamic model simulates the combined effect of trans-
port phenomena (i.e., heat and mass) and chemical
reactions during the UCG process. The mathematical
model in the energy balance form is described in [14].
The task of this model is realizing energy balances and
estimating the efficiency of the hydrogen conversion
from syngas.
The development of information concerning the ef-
ficiency of processes, either through calculation from
the first principles or by experimentation, also asso-
ciates the development of the material and energy
balance calculations. Recently, incorporating material
balance principles in industrial and agricultural per-
formance measurement systems with pollutant factors
has been on the rise. The issue of eco-efficiency mea-
surement adjusted for pollution, taking into account
materials flow conditions and the material balance
principle requirements to provide more precise mea-
sures of performance, is described in paper [15]. In this
work, a new approach by integrating a slacks-based
measure to enhance the Malmquist Luenberger Index
by a material balance condition was presented. New
approaches of material balance calculations, namely
graph and neuro-fuzzy are described in [16]. Result
show that the multimodel of both methods was suit-
able. The paper [17] described a new comprehensive
version of the flowing material balance to address er-
rors in the hydrocarbons-in-place estimation. The
developed method was used to reasonably determine
the original volumes of hydrocarbons in place in both
the conventional and unconventional reservoirs.. A
new zero-dimensional (tank) material balance equa-
tion for predicting the reservoir performance has been
described in [18]. This material balance is directly
applicable for the analysis of liquid-rich (wet and retro-
grade) gas reservoirs in form of an equivalent gas molar
density function.. The density-based equation allows
it be directly expressed as an extension of the dry gas
material balance equation. The mass-balance calcu-
lations have been used in computation (estimation)
of the accumulation of soil organic matter, transfor-
mation of pedogenic Fe and Al, and net losses of the
main elements (i.e., Ca, Mg, K, Na, Fe, Al, Mn, and
Si) in paper [19]. Elemental losses due to deglaciation
and exposure to the weathering environment were cal-
culated in this paper. The results show that extensive
mineral weathering resulted in significant leaching
losses of Si, major base cations, and Al. The paper
[20] describes the material balance calculated for co-
combustion of the high-watered oil sludge and the
separated oil product composition. In this paper,
the content of moisture and ash of the combustible
working material was used to determine the elemental
composition of the petroleum product. The material-
balance equation for the estimation of the gas and
condensate in place in shale-gas-condensate reservoirs
has been described in [21]. The task of this material-
balance is estimating the critical time for using the gas
injection when the condensate buildup represents a
problem. It considers the stress-dependency of poros-
ity and permeability and also takes into account the
effects of adsorbed, free, and dissolved gas-condensate
production. The paper [22] described the material
balance of organic matter for initial rock sample (Do-
manic black shale) and after a thermal treatment at
300 and 500 ◦C. The amounts of generated liquid hy-
drocarbon at these temperatures are presented. The
paper [23] describes equations of mass and energy bal-
ances for the solid and gas phases in the UCG process.
The heat transfer by conduction in the solid phase and
convection in the gas phase is considered. The results
of the longwall generator method showed that the
energy content of the output gas depends on the coal
seam dimensions and the applied pressure gradient.
The use of the mass and heat balance calculations
for thin coal seams in faulting zones of the coal basin
is described in [24]. These calculations are used to
analyze the effectiveness of the UCG process and to
obtain quantitative and qualitative indicators of the
output parameters for the UCG products prediction.
The mass balance is based on a mathematical model
of the physical and chemical processes and takes into
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account phases of individual substances (i.e., solid,
liquid, and gaseous phases).
This paper described the proposal of the mate-
rial/mass balance of the UCG process due to the
information given above. This balance is verified by
measurements realized under laboratory conditions on
the two physical models (i.e., ex-situ reactors). The
total material balance will be based on the balance
of the input (i.e., coal and gasification agent) and
output components (i.e., unburned coal, condensate,
ash, and produced gas). The elemental material bal-
ances will be based on the balance of elements such as
C (carbon), H (hydrogen), N (nitrogen), O (oxygen),
and S (Sulphur), which are dominant in the mass
components of the total material balance.
2. Material Balance
The subject of research (i.e., system) can be defined as
a volume in space with set boundaries corresponding
to the purpose of the research. The system includes
a quantity of material and an assembly of equipment
where it is necessary to supply energy (e.g., in heat
form) to transform the material from the initial to the
final state (i.e., a mass of the system is variable with
time) [25].
The laboratory UCG process may be marked as a
batch process because the raw material is added to
the ex-situ reactor at the beginning of the process
and kept there until the desired final state is reached.
Chemical reactions taking place in this ex-situ reactor
involve the separation and combination of molecules
and elements to form new chemical substances (e.g.,
synthetic gas) during the UCG process. In this pa-
per, a material balance is used as an application of
conservation of mass in the UCG process. The task
of this material balance is to determine mass flow by
accounting for material entering and leaving a system
(ex-situ UCG reactor). The entering materials in the
process are the coal and gasification agent (i.e., a mix-
ture of air and oxygen) and the leaving materials are
the product gas (i.e., syngas), ash, condensate, and
unburned coal. The total mass flow that enters the
process must be equal to the overall mass flow that
leaves process. A schematic drawing of the material
balance of the UCG process in the ex-situ reactor is
shown in Figure 2. Since total mass is conversed, a
general mass balance in the overall UCG process can
be written as follows:
Gcoal +Gair +Goxygen =
Gcoal,unburned +Gash +Gsyngas +Gcondensate
(1)
where Gcoal is the mass of input coal (kg), Gair is
the mass of air (kg), Goxygen is the mass of oxygen
(kg), Gcoal,unburned is the mass of unburned coal (kg),
Gash is the mass of ash (kg), Gsyngas is the mass
of product gas (kg), and Gcondensate is the mass of
condensate (kg).
Figure 2. Scheme of material balance.
Chemical reactions are common occurrences in the
production and processing of materials. One of the
expected outputs from the UCG process is the higher
temperature that ensures the realization of the chem-
ical reactions needed for the syngas creation. The
equation of the material balance can be written based
on the principle of the conservation of atoms as species,
or as elements. An atomic species balance is based
on the principle that input equals output because
atomic species can neither be generated nor consumed
in chemical reactions [26, 27]. The balance of atomic
species for considered elements C (carbon), H (hydro-
gen), N (nitrogen), O (oxygen), and S (Sulphur) has
the following form
m∑
i=1
Gx,inputi =
n∑
j=1
Gx,outputj (2)
where Gx,inputi is the mass of x-th chemical ele-
ment (i.e., C, H, N, O, and S) in the individual input
materials (i.e., input coal, air, and oxygen) (kg), and
Gx,outputj is the mass of x-th chemical element (i.e.,
C, H, N, O, and S) in the individual output materials
(i.e., unburned coal, ash, and gas) (kg).
Table 1 shows the representation of atoms in the
mass of entering and leaving materials. Similarly, Ta-
ble 2 shows the representation of atoms in a mass
of syngas. These representations were determined
according to the chemical composition of particular
entering and leaving materials. The chemical compo-
sition of syngas (i.e., without SO2) was determined
by the type and percentage content of measured gas
components during laboratory experiments. The mass
volume of SO2 in the syngas was calculated by a differ-
ence of S atoms between the input coal and unburned
coal.
The mass of x-th chemical element in syngas was
determined from individual chemical compounds (i.e.,
CO, CO2, H2, CH4, SO2, O2, and N2) where this
chemical element is found. For example, we can cal-
culate the mass of C chemical element from chemical
compounds of syngas according to
GC,syngas =
3∑
k=1
Vk,syngas · ρk ·
MC
Mk
(3)
where GC,syngas is the mass of C chemical element
in syngas (kg), Vk,syngas is the volume of k-th chemical
compound (m3), ρk is the density of k-th chemical
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entering material leaving material
Atom coal air oxygen unburned coal ash syngas condensate
C yes no no yes no yes no
H yes no no yes no yes yes
N yes yes no yes no yes no
O yes yes yes yes no yes yes
S yes no no yes no yes no
Table 1. The representation of considered atoms in entering and leaving materials
Atom CO CO2 H2 CH4 SO2 O2 N2
C yes yes no yes no no no
H no no yes yes no no no
N no no no no no no yes
O yes yes no no yes yes no
S no no no no yes no no
Table 2. The representation of considered atoms in syngas
compound (kg·m−3), Mk is the molar mass of k-th
chemical compound (g·mol−1), MC is the molar mass
of C chemical element (g·mol−1), and k is the index
of the chemical compound where C is found (i.e., CO,
CO2, and CH4).
3. Verification of Material
Balance
The material balance of the UCG process was verified
using data obtained from four experimental measure-
ments. These measurements were realized in two
ex-situ reactors. A description of ex-situ reactors, ex-
perimental measurements, and the evaluation of these
measurements by total and atoms material balance is
in the following subsections.
3.1. Ex-situ reactors and experimental
measurements
Ex-situ reactors were created for the investigation of
the UCG process. These ex-situ reactors were created
in a geometric similarity to a real coal seam. The coal
cubes or broken coal represent the coal seam model.
The clays, isolation material (i.e., sibral and nobasil),
and a mixture of gravel and water glass represent the
surrounding rock. These components were embedded
in ex-situ reactors before the experimental gasification.
Ex-situ reactors include vessel and lid. The vessel
of the first ex-situ reactor has a half-round shape.
Its length is 3000mm, and height is 500mm. The
vessel of the second ex-situ reactor has a shape of a
large steel box. Dimensions of this ex-situ reactor are
5000 × 1500 × 500mm (i.e., length × width × height).
The UCG process realized in created ex-situ reactors
is based on the principle of a controlled gasification
agent (i.e., air and oxygen) supply to the burning
coal seam model and the extraction of syngas. The
laboratory UCG process scheme is shown in Figure 3.
The flow of the gasification agent and syngas, the
syngas compositions, and temperatures of coal and
surrounding rock were measured during laboratory
experiments. The principal scheme of ex-situ reac-
tors is shown in Figure 4. The temperature and gas
composition were measured using measuring probes
designed for a gasification process analysis.
The six experiments were realized in described ex-
situ reactors - four experiments in the first ex-situ
reactor and two experiments in the second ex-situ
reactor. These experiments were different in the coal
seam model. The cross-sectional design of the coal
seam model for the first experiment is shown in Fig-
ure 5a and for the second experiment in Figure 5b.
The first and second measurement were realized in the
first ex-situ reactor. The cross-sectional design of the
coal seam model for the third experiment is shown in
Figure 5c and for the fourth experiment in Figure 5d.
The third and fourth measurement were realized in
the second ex-situ reactor. The cross-sectional de-
sign of the coal seam model for the fifth and sixth
experiment is shown in Figure 5e. The fifth and sixth
measurement were realized in the first ex-situ reactor
and the individual components volume of these two
experiments was different.
The physical model of the coal seam consisted of
broken coal with a total weight of 521 kg in the first ex-
periment. There was 167 kg of the unburned crushed
coal after the gasification process. Coal cubes with
a total weight of 532 kg were used in the second ex-
periment. In total, 62 kg of unburned coal remained
after the gasification process. Coal cubes with a total
weight of 702 kg were used in the third experiment.
In total, 147 kg of unburned coal remained after the
gasification process. The ex-situ reactor was filled
with coal cubes with a total weight of 766 kg in the
fourth experiment. In total, 1335 kg of unburned coal
remained after the gasification process. Coal cubes
with a total weight of 214 kg were used in the fifth
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Figure 3. Scheme of the laboratory UCG process.
Figure 4. Principal scheme of ex-situ reactors (Legend: (a) the first ex-situ reactor, (b) the second ex-situ reactor,
1 – gasification agent supply, 2 – gasification channel, 3 – exhaust gas, 4 – the lid of the generator, 5 – sounds for
analysis).
Figure 5. The cross-sectional design of the coal seam model.
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Moisture (%) Ash (%)
Elementary analysis (%)
C H N O S
input coal 20.4 24.1 35.9 3.1 0.6 15 0.9
unburned coal 0 30.4 45.1 3.9 0.7 18.8 1.1
Table 3. The coal analysis
Figure 6. Percentage of losses in experiments.
experiment. No unburned coal remained after this
experiment. Coal cubes with a total weight of 472 kg
were used in the sixth experiment. In total, 66 kg of
unburned coal remained after the gasification process.
Flows of gasification agents and syngas, the mass
flow rate of condensate, and chemical composition
of syngas (i.e., CO, CO2, CH4, H2, and O2,) were
measured in these experiments. The Lignite coal was
used for the creation of a coal model. The gasified
coal analysis for the input and unburned coal is shown
in Table 3.
3.2. The simulation results
The values of general and atomic species mass balance
were calculated based on measured components as the
flow of gasification agent and syngas, the gasification
agent and syngas composition, mass of condensate,
and mass of input and unburned coal. The values of
mass balance for individual experiments are shown
in Tables 4-9. A loss component was also added to
the tables. This component was determined as the
difference between entering and leaving material of
individual mass balance components. The percentage
of losses in individual experiments is shown in Figure 6.
The difference between entering and leaving material
can be caused by gasification agent leak on the input
side (i.e., atoms N and O) and syngas leak on the
output side (i.e., atoms C, H, N, O, and S).
The highest amount of losses was found in the first
(i.e. 15.46%) and third (i.e. 16.92%) experiment. It
can be caused by a type of gasified coal (i.e., the broken
coal was gasified at the first experiment) and the
surrounding rock type (i.e., sibral, clay and a mixture
of gravel and water glass at the third experiment).
Figure 7. Average percentage of atom losses.
The broken coal caused the gasification agent and
syngas leaks through the coal seam, and surrounding
rock (i.e., a mixture of gravel and water glass) was
cracked under the influence of high temperatures. The
syngas and mainly gasification agent leaked through
this mixture. The average percentage of atom loss is
shown in Figure 7 where the highest atoms losses were
for components N (i.e. 15.41%) and O (i.e. 13.05%).
It confirms that the largest loss were in the pipeline
at the inlet of the reactor.
Figure 8 showed that losses for components N and
O were not the same in individual experiments, ex-
cept for the first experiment, where they were ap-
proximately equal (i.e., 17.35% for component O and
17.45% for component N). The loss of the component
O was the highest in the fourth and fifth experiment,
but the loss of the component N was the highest at
the second, third, and sixth experiment. We assume
that the leaks were mainly through the O2 pipeline at
the fourth and fifth experiment and the air pipeline
at the second, third, and sixth experiment. The mass
balance calculation showed that the lowest syngas
losses were measured for the C and H atoms. These
atoms in syngas were obtained only from the gasified
coal.
4. Summary and Conclusions
This paper describes the proposal of a general and
atomic species mass balance for improving the knowl-
edge about the UCG process. The information about
the composition of the entering and leaving materials
in the UCG process is significant for an optimization
and efficiency of the process.. This balance can pro-
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Balance
entering material (kg) leaving material (kg)
losses
coal air oxygen unburned coal ash gas condensate
General 521 1504.13 21.42 167 75.18 1403.23 84.75 316.4
C 186.98 0 0 75.31 0 95.49 0 16.18
H 27.95 0 0 6.5 0 9.75 9.44 2.25
N 3 1153.65 0 1.21 0 952.52 0 202.93
O 172.4 350.48 21.42 31.39 0 342.95 75.56 94.41
S 4.68 0 0 1.88 0 2.52 0 0.27
Table 4. The value of general and atomic balance in the first experiment
Balance
entering material (kg) leaving material (kg)
losses
coal air oxygen unburned coal ash gas condensate
General 532 903.51 129.6 32 118.83 1237.97 53 123.3
C 190.93 0 0 14.43 0 170.17 0 6.33
H 28.54 0 0 1.25 0 20.64 5.89 0.76
N 3.07 692.98 0 0.23 0 599.61 0 96.21
O 176.04 210.53 129.6 6.01 0 443.35 47.11 19.69
S 4.78 0 0 0.36 0 4.19 0 0.22
Table 5. The value of general and atomic balance in the second experiment
Balance
entering material (kg) leaving material (kg)
losses
coal air oxygen unburned coal ash gas condensate
General 702 3220.74 129.6 147 124.99 2979.69 114.84 685.83
C 251.94 0 0 66.29 0 174.97 0 10.68
H 37.66 0 0 5.72 0 18.19 12.76 0.99
N 4.05 2470.28 0 1.06 0 1819.82 0 653.44
O 232.3 750.46 129.6 27.63 0 962.23 102.08 20.42
S 6.3 0 0 1.66 0 4.47 0 0.18
Table 6. The value of general and atomic balance in the third experiment
Balance
entering material (kg) leaving material (kg)
losses
coal air oxygen unburned coal ash gas condensate
General 766 1801.16 129.6 133.5 144.55 2043.06 49.68 325.97
C 274.91 0 0 60.21 0 198.52 0 16.18
H 41.09 0 0 5.2 0 28.15 5.52 2.23
N 4.41 1381.48 0 0.97 0 1296.01 0 88.91
O 253.48 419.69 129.6 25.09 0 515.32 44.16 218.19
S 6.88 0 0 1.51 0 5.05 0 0.32
Table 7. The value of general and atomic balance in the fourth experiment
Balance
entering material (kg) leaving material (kg)
losses
coal air oxygen unburned coal ash gas condensate
General 214 1179.02 129.6 0 51.71 1285.53 10.97 174.41
C 76.8 0 0 0 0 72.55 0 4.25
H 11.48 0 0 0 0 9.51 1.22 0.75
N 1.23 904.3 0 0 0 851.27 0 54.26
O 70.81 274.72 129.6 0 0 350.39 9.75 115
S 1.92 0 0 0 0 1.82 0 0.11
Table 8. The value of general and atomic balance in the fifth experiment
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Balance
entering material (kg) leaving material (kg)
losses
coal air oxygen unburned coal ash gas condensate
General 472 1946.06 129.6 66 94.01 2001.15 10.97 375.54
C 169.4 0 0 29.76 0 130.01 0 9.62
H 25.32 0 0 2.57 0 20.01 1.22 1.53
N 0 1492.61 0 0 0 1159.88 0 332.74
O 156.19 453.45 129.6 12.4 0 687.98 9.75 29.11
S 4.24 0 0 0.74 0 3.28 0 0.21
Table 9. The value of general and atomic balance in the sixth experiment
Figure 8. Percentage of atom losses in experiments (a) the first experiment, b) the second experiment, c) the third
experiment, d) the fourth experiment, e) the fifth experiment, f) the sixth experiment).
vide information about the coal mass gasified (i.e.,
cavity formation) through the UCG process by watch-
ing atoms, e.g., C atom in syngas. The information
about C atom can be obtained from the input coal on
the input side and from syngas (i.e., molecular com-
pounds,such as CO, CO2, and CH4) on the output
side.
The proposed mass balance was verified on the data
obtained from six laboratory experiments. There is a
visible difference between the input and output side
of the mass balance in results from the described
experiments. An examination of the overall mass flow
clearly indicates that the process suffers from a mass
loss:
• The flow meter on one of the streams is faulty.
• A leak of the gasification agent or syngas is present.
• The syngas analysis is wrong.
We must avoid these failures to propose a more
precise calculation of proposed mass balance in the
UCG process. The crushed coal was causing a higher
syngas leak through the generator. For this reason, it
is imperative to know the coal seam permeability and
cracks in real and laboratory conditions.
The achieved accuracy of the calculation for the
mass balance components confirmed that the proposed
approach is suitable for testing under real conditions.
Results of the mass balance in real conditions could
determine the amount of gasifying coal at a specific
time (i.e., cavity growth). The information about
the syngas composition and proportion of important
atoms can be used in the control of the UCG process,
e.g., control of the gasification agent ratio (i.e., the
ratio of air, O2, and also H2O) to improve the syngas
calorific value. It will also enable the proposal of new
approaches to the control of the UCG process.
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